introduction
============

The ryanodine receptor (RyR)^1^ of the sarcoplasmic reticulum is the primary intracellular Ca-release channel of cardiac and skeletal muscle and is essential for Ca signalling in a number of other cell types. Through the tight regulation of RyR gating of Ca release, these muscle cells contract and relax in response to physiological demands. Similarly, the RyR in nonmuscle cells releases Ca from intracellular stores in response to a variety of cellular signals.

The RyR is the largest transmembrane channel identified to date. From the primary sequence many regulatory sites have been proposed, and putative transmembrane regions have been identified ([@B17]; [@B23]). Models of the structure of the RyR have been constructed from hydropathy plots ([@B17]; [@B23]), surface accessibility of cleavable sites ([@B10]; [@B3]), biophysical studies ([@B9]; [@B20]), and from electron microscopic images ([@B13]; [@B14], [@B15]). Nonetheless, the location of these regulatory components in the RyR are largely unknown. In addition, it is unknown how the individual subunits fold in cellular membranes to form the pore(s) of the channel, nor is it known how many pores a RyR has. Two simple possibilities exist; one is that the four identical subunits come together to form a channel containing a single pore, which is divided into quadrants and is influenced by the conformation of each of the subunits. The second possibility is that each subunit forms a pore, which contributes one-fourth to the unitary conductance of the channel. Single channel analysis has shown four subconductance states of the RyR each being one quarter of the total conductance of the channel ([@B16]). Although this would suggest that there are four equal pores that work together to produce a unified current flow through the channel, it is also possible that a single pore exists and the substates reflect shifts in the conformation of the subunits which surround the pore ([@B4]).

We used the methanethiosulfonate (MTS) compounds methanethiosulfonate ethylammonium (MTSEA^+^) and methylmethane thiosulfonate (MMTS) as tools to probe the conduction pathway of the RyR. These compounds were chosen because they are highly specific sulfhydryl- reacting compounds ([@B1]). The hydrophilic nature of the MTS compounds and the specificity for attacking cysteine residues have been used to identify and study the water-filled conduction pathway of a number of channel types ([@B1]; [@B21]; [@B8]; [@B22]; [@B6]). We hypothesized that covalent interactions of the MTS compounds with the RyR would alter channel properties and that the type and degree of effects would vary depending on the charge of the MTS compound used.

This paper reports our initial characterization of the interaction between the MTS compounds and the RyR. Our results show that these compounds will be useful reagents for mapping the pore-lining regions of the RyR. We found that addition of MTSEA^+^ decreased the current in four increments, and the time increments between successive steps were unequal, indicating that the step-wise channel modifications were not occurring independently. We also found that ryanodine modification of the RyR decreased the ability of MTSEA^+^ to modify channel conductance. In sum, the nature of the changes in channel conductance in the presence of the MTS compounds support models previously described ([@B9]) in which the RyR makes a single funnel-shaped pore with the widest region facing the cytoplasmic domain.

methods
=======

Membrane Vesicle Preparation
----------------------------

Microsomes from rabbit skeletal muscle were prepared as described previously ([@B7]), except that the homogenization buffer contained 20 mM TRIS, pH 7.0. Briefly, rabbit skeletal muscle was homogenized and microsomes were separated from the rest of the cell by differential centrifugation. Samples were frozen in liquid nitrogen and stored at −80°C.

Bilayer Technique
-----------------

The RyR was incorporated into planar lipid bilayers as described previously ([@B5]). Bilayers were formed by painting a lipid mixture of phosphatidylethanolamine: phosphatidyl-choline (Avanti Polar Lipids, Alabaster, AL) in decane, across a 100-μm hole in a teflon membrane which separated two halves of a lucite chamber. The *cis* solution was a HEPES/Tris buffer lacking monovalent alkali metal and halide ions (250 mM HEPES, 125 mM Tris, pH 7.3). Ca on the *trans* side (50 mM Ca(OH)~2~, 250 mM HEPES) served as the only permeant ion in the system. SR vesicles were added to the *cis* side and fusion with the lipid bilayer was induced by making the *cis* side hyperosmotic by the addition of 400--500 mM KCl. After the appearance of potassium and chloride channels, the *cis* side was perfused with the HEPES/Tris buffer. The free Ca concentration on the *cis* side was adjusted to 5 μM using a Ca-EGTA--buffered solution. Channel currents were amplified using a bilayer clamp amplifier (Warner Instruments, New Haven, CT) and recorded on VHS tapes. Data were filtered to 1 kHz, digitized at 5 kHz, then transferred to a personal computer and analyzed with pClamp 6.0 (Axon Instruments, Foster City, CA).

To determine single channel amplitudes, openings shorter than 2 ms were excluded from the analysis. For all other analyses, events shorter than 0.5 ms were excluded. Open probabilities were calculated from a minimum of 3 min of continuous recording. Channel openings are shown as upward deflections from the zero current line (solid line). Dashed lines represent the current amplitude of channel openings for the untreated RyR. Openings which appear above the dashed lines represent a second channel. Differences in the open probability among control recordings reflect normal channel to channel variability. Each channel serves as its own control for any noted differences in channel activity recorded after a treatment protocol. Values reported are means ± SE.

Sulfhydryl Compound Treatment
-----------------------------

The methanethiosulfonate compound MTSEA^+^ was initially obtained as a gift from Myles Akabas (Columbia University, NY), and subsequent samples were obtained from Toronto Research Chemicals Inc. (Ontario, Canada). MMTS was purchased from Sigma Chemical Co. (St. Louis, MO). After the incorporation of RyR channels in the bilayer, MTSEA^+^ at 0.05, 0.1, 0.2, 0.5, or 5 mM, or MMTS at 5 mM were added to the *cis* side of the bilayer. Control segments are current recordings made before the addition of the test compounds. In one series of experiments the compound was added to the *trans* side of the bilayer. A treated channel refers to a channel that has been treated with the MTS compound and the compound has been removed. Removal is achieved by perfusion of 10 vol of compound-free solution.

results
=======

Modification of the Current Amplitude of the RyR after MTS Treatment
--------------------------------------------------------------------

The ability of the MTS compounds to modify the characteristics of the RyR was tested on native skeletal RyR incorporated into planar bilayers. Untreated control channels (Fig. [1](#F1){ref-type="fig"} *A*) appeared as described previously by many investigators ([@B16]; [@B2]; [@B18]). Addition of MTS compounds to the *cis* side of the RyR caused a decrease in the current amplitude. Upon addition of the neutral MMTS (5 mM) channel current was reduced by half (Fig. [1](#F1){ref-type="fig"} *A*, *top right trace*). If a positively charged MTS compound (MTSEA^+^, 5 mM) was added to the *cis* side of the RyR, the channel was completely blocked (Fig. [1](#F1){ref-type="fig"} *A*, *middle right trace*). This effect was observed at all voltages tested (Fig. [1](#F1){ref-type="fig"} *B*). The slope conductance of the MMTS-modified channel was approximately half of the untreated channel (48 ± 6 vs. 108 ± 5 pS, *n* = 3).

When lower concentrations of MTSEA^+^ were applied (i.e., 0.2 mM, Fig. [1](#F1){ref-type="fig"} *A*, *bottom right trace*), full block did not occur and intermediate conducting states were seen. The MTSEA^+^- induced reduction in current amplitude by half occurred more rapidly when higher concentrations of MTSEA^+^ were applied (Fig. [2](#F2){ref-type="fig"}); 2.2 ± 0.4 min (*n* = 3) at 0.5 mM MTSEA^+^, 6.7 ± 1.2 min (*n* = 3) at 0.05 mM MTSEA^+^, and \>20 min at 0.01 mM MTSEA^+^ (*n* = 1). At concentrations ≥0.1 mM MTSEA^+^, extended incubation times eventually resulted in a full block of channel current. In every experiment, change in channel conductance remained after removal of the MTS compounds. In one case, an extensive washout of MTSEA^+^ (\>30 chamber vol) still did not return channel currents to control levels. Modification of channel conductance from either MMTS or MTSEA^+^ treatment persisted as long as the channel remained active in the bilayer, sometimes as long as 2 h.

The maximum effect of MMTS was reduction of the current amplitude to half of the control value (see Fig. [1](#F1){ref-type="fig"}), even when concentrations above 5 mM MMTS were applied to the channel. If a channel was modified first with MMTS to the half conducting state, subsequent additions of MTSEA^+^ did not change the current amplitude. Similarly, if the channel was treated first with MTSEA^+^ then MMTS, the channel openings were inhibited as in experiments where only MTSEA^+^ was added.

Many properties of the channel were unchanged by MTS treatment. Although the MTS compounds caused activation of the channel, the effect disappeared upon removal of the compounds. The only irreversible effect caused by the MTS compounds was the decrease in channel conductance. The mean open and closed times and the open probabilities were unaffected by MTSEA^+^ compared to the untreated channels: open times (τ~o~ = 11 ± 5 vs. 12 ± 2 ms, *n* = 3; Fig. [3](#F3){ref-type="fig"}), closed times (τ~c~ = 13 ± 8 vs. 16 ± 4 ms, *n* = 3), open probability (*P* ~o~ = 0.43 ± 0.19 vs. 0.39 ± 0.05, *n* = 3). Compounds traditionally used to activate the RyR (e.g., ATP, Ca, and caffeine) also activated the MTS-treated channel and did not reverse any of the MTS compound\'s effects on channel current amplitude. Addition of *cis* ATP induced channel activation in both the untreated (Fig. [4](#F4){ref-type="fig"} *A*, *left*) and MTSEA^+^-treated RyR (Fig. [4](#F4){ref-type="fig"} *A*, *right*) without altering the current amplitude in the control or MTSEA^+^-modified channel. The concentration of ATP required for half-maximal activation of the channel was 0.5 mM for both untreated and treated RyRs (Fig. [4](#F4){ref-type="fig"} *B*). Similarly, a RyR modified by MTSEA^+^ still responded to *cis* Ca, where half-maximal activation by Ca occurred at pCa 6 as in our control experiments and in Ca release experiments ([@B11]). Also, caffeine activated the MTSEA^+^-modified channel as in untreated channels (not shown).

Location of the Sites for Covalent Modification by MTSEA^+^
-----------------------------------------------------------

To localize the effect of MTSEA^+^ and to test for nonspecific effects on the lipid bilayer, responses to application of MTSEA^+^ to either the *cis* or *trans* side of the channel were compared. We found that addition of MTSEA^+^ to the *trans* side of the channel had no effect on the current amplitude (Fig. [5](#F5){ref-type="fig"}). Channel behavior was observed for at least 15 min, in the presence of either 0.25 mM MTSEA^+^ (Fig. [5](#F5){ref-type="fig"}, *left traces*) or 5 mM MTSEA^+^ (Fig. [5](#F5){ref-type="fig"}, *right traces*). When MTSEA^+^ was added to the *cis* compartment, the current amplitude was reduced to half within 3 min at 0.25 mM (Table [I](#TI){ref-type="table"}) and was completely inhibited within 30 s in the presence of 5 mM MTSEA^+^. Thus, no effect of *trans* addition of MTSEA^+^ was seen even after waiting 30 times the duration required to see an effect from the *cis* side. Experiments were also done where MTSEA^+^ was added first to the *trans* side with no effect, and subsequently added to the *cis* side, resulting in a reduction of the current amplitude as when MTSEA^+^ was added *cis* only.

Next, the ability of MTSEA^+^ to modify the channel, maintained in either the closed or actively opening state, was assessed. The channel was either maintained closed during treatment by the addition of 1 mM *cis* CaCl~2~ (Fig. [6](#F6){ref-type="fig"}, *upper left*), ([@B12]; [@B2]), or the channel was maintained in the actively opening state by the presence of 5 μM *cis* Ca (Fig. [6](#F6){ref-type="fig"}, *upper right*). Both channels were incubated with 0.1 mM MTSEA^+^ (*cis* side) for 5 min, the MTSEA^+^ was removed, the channels were re-activated, and channel currents were observed (Fig. [6](#F6){ref-type="fig"}, *bottom*). If the channel was closed during exposure to MTSEA^+^, the current amplitude was unaltered (Fig. [6](#F6){ref-type="fig"}, *bottom left*). However, when MTSEA^+^ was added to the actively opening channel, current amplitude was reduced (Fig. [6](#F6){ref-type="fig"}, *bottom right*). Similar experiments were conducted at a very high concentration of MTSEA^+^ (5 mM, *n* = 3); no effect of MTSEA^+^ occurred if the channel was maintained in a closed state for as long as 5 min. A high Ca concentration alone does not inhibit MTSEA^+^ reacting with the RyR because in four experiments, where 1 mM Ca was unable to maintain the channel in a closed state, MTSEA^+^ decreased the current amplitude.

Step-wise Reduction Over Time
-----------------------------

When a lower concentration (0.05 mM MTSEA^+^) was used, the current decreased in a step-wise fashion, and the steps did not reverse (Fig. [7](#F7){ref-type="fig"} *A*). 4 min after the addition of 0.05 mM MTSEA^+^, channel openings reflecting approximately three-quarters of the control current amplitude appeared (Fig. [7](#F7){ref-type="fig"} *A*, *second trace*). Because there is a period of time required for mixing and equilibrating compounds in the *cis* chamber, the actual time between the equilibration of the MTSEA^+^ in solution and its covalent modification of the channel could actually be much less than 4 min. As the incubation continued, channel openings to approximately half of the control value appeared at 7-min (Fig. [7](#F7){ref-type="fig"} *A*, *third trace*) and at 20-min openings to one-quarter of the control value appeared (Fig. [7](#F7){ref-type="fig"} *A*, *bottom trace*). Transitions between substates in one experiment are shown after treatment with 0.05 mM MTSEA^+^ (Fig. [7](#F7){ref-type="fig"} *B*). It was possible to capture a record of all three transitions in a single experiment only when very low concentrations of MTSEA^+^ were used. At higher concentrations initial transitions occurred rapidly, usually while stirring. The exact moment of a transition was often difficult to determine when the open time of the channel was short. Channel openings at the full, three-quarters and half substates had slope conductances of 95 pS (*n* = 5), 80 pS (*n* = 4), and 57 pS (*n* = 7; Fig. [7](#F7){ref-type="fig"} *C*). The one-quarter substate is not included on Fig. [7](#F7){ref-type="fig"} *C* as channel amplitudes were small relative to the noise, making analysis less reliable.

During continuous exposure to MTSEA^+^ it took longer to reduce the current from the half state to the one-quarter state than to go from the three-quarter state to the half state (Table [I](#TI){ref-type="table"}). When experiments using two concentrations of MTSEA^+^ were compared, the same relationship held, but the absolute times were shorter at higher MTSEA^+^ concentrations (Table [I](#TI){ref-type="table"}). Assuming independent sites and a time of 2.8 min to go from the three-quarter to the half state (Table [I](#TI){ref-type="table"}), it should take the same time to then go to the one-quarter state. In contrast, this transition took 13.8 min, a result inconsistent with independent sites for modification.

Ryanodine Restricts Access of MTS Compounds to Their Reaction Sites in the Channel
----------------------------------------------------------------------------------

The order of addition of MTSEA^+^ and ryanodine influenced the results. After a 5-min incubation with 0.2 mM MTSEA^+^ (*cis* addition) and removal of excess compound, the amplitude of the current was half of the control (Fig. [8](#F8){ref-type="fig"}, *top trace*). Addition of 10 μM ryanodine to the MTSEA^+^-modified channel locked the channel into a sub-conducting state between the half conducting state and ground (Fig. [8](#F8){ref-type="fig"}, *middle trace*). This remaining current was immediately inhibited by 500 μM ruthenium red (Fig. [8](#F8){ref-type="fig"}, *bottom trace*).

If the ryanodine and MTSEA^+^ were added in the reverse order, the observed effect was different (Fig. [9](#F9){ref-type="fig"}). In a ryanodine-modified channel MTSEA^+^ (0.05--0.5 mM) had no effect on channel conductance when observed for up to 30 min. However, the addition of high MTSEA^+^ (5 mM) altered the current amplitude only after 20--30 min (Fig. [9](#F9){ref-type="fig"}, *middle trace*).

discussion
==========

In this paper we investigated the effects of sulfhydryl- reactive compounds on the RyR. Ca current through the RyR was altered without affecting the other channel properties, including activation by ATP, Ca, and caffeine, suggesting that the sites of MTS modulation are different from other regulatory sites. We also found that the channel current was modified in four steps, but the time between successive modifications by these compounds increased with each step. This result, combined with the effects of ryanodine on the modified channel, suggests that the four sites are not independent and that the MTSEA^+^ molecules are interacting at four sites, very close together, within the conduction pathway.

The MTS compounds were chosen because they are highly specific sulfhydryl-reacting compounds which react with thiol-containing amino acid residues (i.e., cysteines). MTSEA^+^ has been used to block ion conductance because it reacts with cysteine residues thought to be in the water-filled conduction pathway. MTS compounds have been used to map out pore-lining cysteines in the acetylcholine receptor ([@B1]), the GABA~A~ receptor ([@B21]), a voltage-gated K^+^ channel ([@B8]), and the channel made by diphtheria toxin ([@B6]). Modification by the MTS compounds creates both stearic and electrostatic barriers to ion movement through the conduction pathway ([@B1]).

Effects of MTS Compounds on the RyR
-----------------------------------

In our experiments with the RyR the MTS compounds irreversibly altered channel conductance. Although the MTS compounds initially activated the RyR, the increase in open probability did not persist after removal of the MTS compound suggesting that this effect is not related to sulfhydryl modification of the channel protein.

The positively charged compound (MTSEA^+^) was far more effective at blocking channel current when compared to the neutral compound (MMTS). These findings support a permeation model ([@B18]) where the lining of the mouth of the RyR contains fixed negative charges to concentrate cations within the channel pore in order to increase cation conduction. If surface charges in the conduction pathway of the RyR were made more positive (via the insertion of MTSEA^+^), the concentration of cations within the channel should be reduced, resulting in a decrease in channel current. The data presented in this paper are consistent with this model.

The MTS compounds were only effective when added to the *cis* side and not to the *trans* side of the bilayer. This suggests that the structure of the channel near the *cis* side contains a wide vestibule providing little resistance against the entry of MTS molecules to their sites of action, whereas the opening of the channel on the *trans* side may be small creating a high resistance to the entry of the MTS compounds. A funnel-like structure has been proposed previously for K^+^ channels ([@B8]) and the RyR ([@B9]; [@B20]) using different experimental paradigms. It was deduced that the length of the RyR pore was 10.4 Å from the start of the voltage drop on the *cis* side to the selectivity filter on the *trans* side and the diameter of the pore on the *trans* side was 7 Å ([@B9]). Most MTS derivatives, including MTSEA^+^, fit into cylindrical spaces 6 Å in diameter by 10 Å in length ([@B1]). Therefore, the selectivity filter proximal to the *trans* side of the RyR pore is barely wide enough to fit an MTS molecule, such that entry at the *trans* side would be possible but less likely. In contrast, regions within the membrane-spanning domain proximal to the *cis* side of the pore may be as wide as 25 Å, as suggested by electron cryomicroscopy ([@B13]; [@B15]), and may provide little resistance against MTS molecules entering and modifying exposed cysteines. Even if the MTS molecules are able to pass the selectivity filter on the *trans* side, the resulting local concentration of compound near to the reactive site(s) may be too low for a reaction to take place.

Location of the Interaction between MTSEA^+^ and the RyR
--------------------------------------------------------

The most likely sites where covalent modification is occurring is within the conduction pathway of the RyR. Although it is possible for the MTS compounds to interact with exposed cysteines in the large foot region of the RyR, such interactions are not expected to lead to changes in channel conductance seen in this study for two reasons. First, we found that the compounds were only effective at reducing channel conductance when the channel was actively opening and were ineffective when the channel gate was closed. This result suggests that potential MTS binding sites on the large cytoplasmic domain of the channel would have to be available only when the channel was in the open configuration. Second, after ryanodine modification, the ability of the MTS compounds to decrease current was greatly reduced, suggesting that not all open conformations of the channel expose the reactive sites. The simplest explanation for these results is that the sites are within the conduction pathway.

These results also support the hypothesis that the MTSEA^+^ molecules are occupying the conduction pathway sequentially and in close proximity with one another, creating a step-wise decrease in current flow through the channel. The evidence that the MTSEA^+^ molecules are modifying the RyR at sites close to one another comes partially from the observation that the time required for successive modifications is longer with the progression of each substate. If the molecules were interacting with independent sites outside the range for stearic or electrostatic interactions between the molecules, then subsequent modifications would be spaced equally in time. Instead, successive modifications took longer to achieve than would be expected for independent sites. Although it is possible for the interaction of a MTSEA^+^ molecule with one subunit to induce a conformational change in adjacent subunits, there was not any change in channel function to support this claim.

When the channel was first modified with MTSEA^+^ to a half substate and then treated with ryanodine, an interesting effect occurred. The channel became locked in a quarter state and not the half state that typically occurs in the presence of ryanodine. Therefore, ryanodine is still able to elicit an effect on channel conductance, although ryanodine modification of the MTSEA^+^- treated channel differs from its effects on the untreated channel. If the channel was modified first with ryanodine and then treated with MTSEA^+^, another effect was seen. It took 10 times the normal concentration of MTSEA^+^ and 20 times the normal incubation time to elicit any effect, suggesting that ryanodine hindered access of MTSEA^+^ to its reactive site(s) within the channel\'s conducting pathway. Previous experiments showed ([@B19]) that ryanodine modification reduced the capture radius at the *cis* side of the channel such that access to the conduction pathway for impermeant cations was now restricted. The diminished ability of MTSEA^+^ to affect the ryanodine modified channel also supports the hypothesis that ryanodine reduces channel conductance by shifting the orientation of the subunits.

Putative Location of the Cysteine Residues
------------------------------------------

The evidence presented thus far suggests that MTSEA^+^ is covalently modifying cysteine residues in the conducting pathway. One of the putative membrane spanning regions (M2 \[[@B17]\] or M6 \[[@B23]\]) contains three cysteine residues, making it the most likely candidate for the MTS-reactive sites. Other putative membrane spanning regions contain one or zero cysteines. An α helix structure of the M2 region would vertically align the cysteines on the hydrophilic face of the helix. Using Takeshima\'s model, cysteines No. 4663 and No. 4657 could be located approximately 1 Å and 10 Å, respectively, from the cytoplasmic side, putting two residues per subunit near the *cis* entrance within reach of the reactive end of MTSEA^+^. In addition, an MTS molecule has a diameter of 6 Å ([@B1]), which is approximately one-quarter the diameter of the 25 Å vestibule ([@B13]; [@B15]). Therefore, it would be possible for four MTS molecules to react with four analogous sites within the pore. Although the presence of four MTS molecules would not block the pore area, the additional electrostatic hindrance caused by the charges on the MTSEA^+^ could be responsible for the complete block of channel current.

The Structure of the RyR
------------------------

The findings presented here suggest that the RyR contains a conducting pathway that is occupied by the MTS compounds in a step-wise manner. Although it is possible that these molecules could be reacting with independent sites on four separate conducting vestibules, the data presented here supports the single-pore model for the RyR. In a single-pore model each of the four subunits participates in the formation of a central pore. Computer simulations have demonstrated that a single-pore model could still yield long-lived subconductance states induced by slight alterations in the structure of the pore or in the electrostatic properties of the pore/ mouth of the channel ([@B4]). Long-lived changes in the conformation of subunits could occur by modulation by phosphorylation, or by the addition of compounds such as ryanodine or MTSEA^+^. Independent evidence in support of a single pore model comes from the observation that the RyR contains a single binding site for cations ([@B18]; [@B9]), and that three-dimensional images of the RyR show a single central pore formed by the joining of the four subunits ([@B15]).

Summary
-------

In conclusion, the MTS compounds were able to alter RyR channel Ca current without affecting other aspects of channel function. This initial study demonstrates that MTS compounds are useful tools which interact with pore lining regions of the RyR which leads to distinct changes in the functional properties identified at the single channel level. The MTS compounds only worked from the *cis* side and when the channel was in the open state, suggesting that the site of action was within the pore of the channel and was only accessible through the wide, funnel-shaped vestibule on the cytoplasmic-facing side of the channel. The MTS-induced changes in channel conductance suggests that the RyR consists of a single conduction pathway. Further tests of the RyR structure will come from microscopic and molecular studies.
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![Effect of MTS compounds on current amplitude of the RyR. Single channel recordings are shown for RyR in lipid bilayers. (*A*) MMTS (5 mM, *top trace*) and MTSEA^+^ (5 mM, *middle trace*, and 0.2 mM, *lower trace*) were added to the *cis* side of the bilayer for 5 min and was subsequently removed. The traces on the left show the current before treatment and the traces on the right show the current after treatment. The solid line is zero current. Voltage was held at 0 mV. One of three (MMTS) or four (MTSEA^+^) similar experiments is shown. (*B*) MMTS altered channel current at all voltages tested. Slope conductance was 108 ± 5 pS for untreated and 48 ± 6 pS for treated channels (*n* = 3).](JGP.quinn1){#F1}

![Time-dependent effect of MTSEA^+^ on current amplitude and channel activation of the RyR. MTSEA^+^ was added at concentrations shown on the x-axis. Channel currents were continually monitored before and after the addition of the compound and during the entire incubation period, up to 30 min. After addition of the compound, the time required to achieve a drop in channel conductance to half of the control levels was monitored. Except for the value for 0.01 mM MTSEA^+^ which is from one experiment, each value represents the mean ± SEM of at least three similar experiments.](JGP.quinn2){#F2}

![Mean open time of the RyR before and after MTSEA^+^ treatment. The upper histogram shows the distribution of open times for the untreated channel. The lower histogram shows the same data for the channel following treatment with 0.1 mM MTSEA^+^ (10 min, *cis* addition). One of three similar experiments is shown.](JGP.quinn3){#F3}

###### 

Effect of ATP on channel activation in untreated controls and MTSEA^+^-treated RyRs. (*A*) The traces on the left show an untreated channel. The traces on the right show a channel after treatment with 0.1 mM MTSEA^+^ (5 min, *cis* addition). The bottom traces show the respective channels after treatment with 0.5 mM ATP (*cis* addition). These results show that ATP activates the RyR in both the absence and presence of MTSEA^+^ treatment. One of three similar experiments is shown. (*B*) The graph on the top shows the ATP-response curve of an untreated RyR (*n* = 7). The values shown are the channel\'s open probability at corresponding concentrations of ATP. The graph on the bottom shows the ATP-response curve of a RyR after treatment with 0.2 mM MTSEA^+^ (5 min, *cis* addition, *n* = 3). The data points of both graphs were fit by the Michaelis Menten equation (*dashed lines*). The *K* ~m~ for ATP in both the untreated and the treated channels was 0.5 mM.
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![Effect of adding MTSEA^+^ to the *trans* or *cis* side of the RyR. MTSEA^+^ was added at 0.25 mM (*left*, one of three similar experiments is shown) or 5 mM (*right*, one of six similar experiments is shown) to the *trans* side (*middle traces*) or *cis* side (*bottom traces*) of the channel. The current recording shows that MTSEA^+^ treatment had no effect when added to the *trans* side for up to 15 min, at either concentration, but affected the current amplitude when added to the *cis* side in 3.1 ± 0.8 min at 0.25 mM, and \<30 s at 5 mM.](JGP.quinn5){#F5}

###### 

Time Required for MTSEA^+^-induced Transitions in the Current Amplitude

  Concentration of MTSEA^+^      Transition from 3/4 to 1/2 of the control amplitude      Transition from 1/2 to 1/4 of the control amplitude
  --------------------------- -- ----------------------------------------------------- -- -----------------------------------------------------
  0.05 mM                        2.8 ± 0.23 min, *n* = 3                                  13.8 ± 3.6 min, *n* = 3
  0.2 mM                         1.5 (0.5, 2.5) min, *n* = 2                               5.5 ± 2.5 min, *n* = 4

Channels, incorported into planar lipid bilayers, were treated with either 0.05 or 0.2 mM MTSEA^+^ (*cis* addition). Channel currents were monitored and the time (in minutes) required for a change in the current amplitude is shown for each concentration. Values are mean ± SEM. For *n* = 2 the value is mean (range).  

![Effect of adding MTSEA^+^ to an open or closed RyR. MTSEA^+^ was added at 0.1 mM (10 min) to the RyR maintained in either the closed state (by the addition of 1 mM CaCl~2~ to the *cis* buffer) or stimulated to open (by adjusting the *cis* buffer to contain 5 μM free Ca). MTSEA^+^ treatment had no effect when added to the closed channel (*left traces*, one of three similar experiments is shown), but in the presence of an actively opening channel, decreased the current amplitude (*right traces*, one of four similar experiments is shown).](JGP.quinn6){#F6}

###### 

Step-wise reduction in channel current after treatment with MTSEA^+^. If MTSEA^+^ at 0.05 mM was used, a greater number of substates could be detected over the course of exposure. (*A*) After 4 min, the current amplitude was approximately three-quarters of the control value (*second trace*). After 6 min, the current amplitude was half of the control level (*third trace*), and after 18 min, the current amplitude was one-quarter the control value (*bottom trace*). (*B*) Step changes in channel currents are shown as they occurred. All records are from a single experiment. The top record shows a transition from a control state to a current amplitude approximately three-quarters of the control. The middle trace shows the same channel as it changes from the three-quarters state to a half state. The bottom record shows the current amplitude transition from the half to the quarter state. (*C*) Current-voltage relationships for the untreated, three-quarter, and half substates are shown. The slope conductances for the control, three-quarter, and half states were 95 pS (*circles*, *n* = 5), 80 pS (*squares*, *n* = 4), and 57 pS (*triangles*, *n* = 7).
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![Effect of adding ryanodine to a MTSEA^+^-modified RyR. Channels were treated first with MTSEA^+^ (0.2 mM for 5 min). There was an irreversible decrease in the current amplitude (*top trace*) to approximately half of the untreated channels. The channels were then treated with ryanodine (10 μM, one of three similar experiments is shown). After ∼10 min the current was decreased further to approximately one-quarter of the control current (*second trace*). To substantiate that the remaining current was due to the RyR, ruthenium red (500 μM) was added (*bottom trace*).](JGP.quinn8){#F8}

![Effect of adding MTSEA^+^ to a ryanodine-modified channel. Channels were treated first with ryanodine (10 μM). Ryanodine modified the untreated channel by locking it into a substate (*top trace*). The channels were then treated with a relatively high concentration of MTSEA^+^ (5 mM, 25 min, *cis* addition, one of 3 similar experiments is shown). There was a single-step drop in the amplitude of the current to baseline levels (*middle trace*). Ruthenium red (500 μM) was added to show that no additional channel current remained (*bottom trace*).](JGP.quinn9){#F9}
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